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Abstract 

Pure  layered  phosphates  of  varying  crystalline  phases  and  crystallinity  and  composites  of  gradient  layers  of  zirconium  phosphate  in  Nation 
117-membranes  have  been  prepared.  The  proton  conductivity  and,  in  case  of  the  composites,  also  the  dynamic  mechanical  properties  of 
these  materials  were  measured  under  different  conditions  of  temperature  and  humidity.  Membrane-electrode  assemblies  with  low  platinum 
catalyst  loading  of  0.4  mg  cm~2  Pt  at  the  cathode  and  1 .9  mg  cm-2  Pt-Ru  at  the  anode  were  examined  in  a  direct  methanol  fuel  cell  (DMFC) 
at  medium  temperatures  (130  °C).  The  conductivity  of  the  layered  zirconium  phosphates  is  superior  to  the  titanium  phosphates  and  increases 
with  decreasing  crystallite  size.  The  electrical  performance  of  the  composites  in  a  DMFC-environment  is  slightly  decreased  as  compared  to 
the  unmodified  membrane  but  taking  the  reduced  methanol  crossover  into  account,  higher  efficiencies  can  be  reached  with  the  zirconium 
phosphate  modified  membrane.  Furthermore,  the  mechanical  properties  are  significantly  improved  by  the  presence  of  the  inorganic  compound. 
©  2005  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

In  the  last  decade  significant  improvements  of  the  poly¬ 
mer  electrolyte  membrane  fuel  cell  (PEMFC)  were  achieved 
[1-4].  Besides  the  fuel  cell  system  each  of  the  stacks  com¬ 
ponents,  i.e.  membrane,  catalysts,  gas  diffusion  layer  and 
bipolar  plate  have  been  progressed.  Of  particular  importance 
for  enhanced  overall  efficiency  are  new  composite  mem¬ 
branes  with  significantly  decreased  thickness,  reduced  water 
swelling  and  at  the  same  time  high  mechanical  strength  [5] 
and  electrodes  with  reduced  fraction  of  platinum  group  cat¬ 
alysts.  Sufficient  power  density  was  achieved  already  with 
loadings  as  low  as  0.05  mg  cm-2  catalyst  due  to  an  improved 
number  of  three-phase  contacts  [6] . 

In  spite  of  these  advancements,  PEMFC  power  sources 
have  not  found  broad  entrance  to  the  market  yet.  The  avail¬ 
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able  membrane  is  concerned  the  available  materials  show 
sufficient  ionic  conductivity  only  at  high  water  activity,  there¬ 
fore  limiting  the  operating  temperature,  long  time  stability, 
solvent  permeability  and  mechanical  stability  to  values  too 
low  for  most  mobile  as  well  as  stationary  applications.  Be¬ 
sides  the  three  major  goals  followed  in  the  membrane  and 
electrode  development  (I)  reduction  of  the  noble  metal  cat¬ 
alyst  loading,  (II)  increase  of  the  operating  temperature  and 
(III)  increase  of  long-term  stability  the  membrane,  also  lower 
fuel  permeability,  better  chemical  and  mechanical  stability 
and  higher  conductivity  at  low  water  activities  are  of  crucial 
importance. 

At  present  no  monolithic  membrane  material  is  available 
to  fulfill  all  these  requirements.  Composite  materials,  i.e.  ma¬ 
terials  consisting  of  several  components,  each  contributing 
its  specific  advantages  to  the  overall  performance,  could  be  a 
promising  alternative.  An  example  for  such  a  composite  is  an 
ion  conducting  organic  polymer  membrane,  which  contains 
inorganic  fillers.  In  such  a  composite,  the  organic  material 
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should  provide  the  proton  conductivity  whereas  the  inorganic 
component  should  enhance  the  membranes  mechanical  sta¬ 
bility,  reduce  the  fuel  crossover  and  improve  the  performance 
at  low  water  activities.  During  the  last  years  there  were  nu¬ 
merous  reports  about  such  composite  materials  [7-15],  a  re¬ 
cent  review  is  given  by  Qingfeng  et  al.  [1]. 

Within  the  work  presented  here,  ionic  conductivity  and 
phase  stability  of  pure  zirconium  phosphate  and  some  related 
layer  phosphates  were  investigated.  The  most  promising  in¬ 
organic  compound,  zirconium  phosphate,  was  used  as  inor¬ 
ganic  additive  to  prepare  membranes  with  the  perfluorinated 
polymer  Nation  117-membrane  as  matrix.  Such  composite 
membranes  were  characterized  in  terms  of  mechanical  sta¬ 
bility,  conductivity  and  fuel  crossover  and  compared  with  the 
unmodified  Nation  117  material. 


2.  Experimental 

2.7.  Preparation  of  layer  phosphates 

2.1.1.  Preparation  of  zirconium  phosphates 

(I)  A  1  M  aqueous  solution  of  ZrOCl2-8  H2O  (Chempur) 
was  slowly  added  to  a  10  M  excess  of  1  M  H3PO4.  The  precip¬ 
itate  was  washed  several  times  with  de-ionized  water,  dried 
2h  at  95  °C  and  stored  at  100%  RH  and  room  tempera¬ 
ture  (a-ZP-08).  (II)  AIM  solution  of  zirconium  ft-propylate 
(Chempur)  in  n-propanol  was  slowly  added  to  a  10  M  excess 
of  1  M  H3PO4.  The  precipitate  was  washed  several  times  with 
de-ionized  water,  dried  2h  at  95  °C  and  stored  at  100%  RH 
and  room  temperature  (a-ZP-21). 

2.7.2.  Preparation  of  titanium  phosphates 

(I)  A  0.6  M  aqueous  solution  of  TiOSCU^SCU^O 
(Aldrich)  was  slowly  added  to  a  10  M  excess  of  1  M  H3PO4. 
The  precipitate  was  washed  several  times  with  de-ionized 
water,  dried  2h  at  95  °C  and  stored  at  100%  RH  and  room 
temperature  (a-TP-37).  (II)  Fifty  millilitres  of  a  0.35  M  solu¬ 
tion  of  titanium  n-butylate  (Chempur)  in  xylene  were  slowly 
added  to  a  slurry  of  50  mmol  water  free  H3PO4  in  xylene.  The 
slurry  was  refluxed  for  2  h  and  then  homogenized  in  an  ultra¬ 
sonic  bath.  The  resulting  white  powder  was  filtered,  washed 
several  times  with  ethanol  and  stored  at  100%  RH  and  room 
temperature  (a-TP-13).  (Ill)  A  200  mg  of  a-TP-13  were  re¬ 
fluxed  in  de-ionized  water.  The  precipitate  was  washed  sev¬ 
eral  times  with  de-ionized  water,  dried  2  h  at  95  °C  and  stored 
at  100%  RH  and  room  temperature  (d-TP-20).  (IV)  A  200  mg 
of  a-TP-13  were  refluxed  in  1.5  M  sulfuric  acid.  The  precip¬ 
itate  was  washed  several  times  with  de-ionized  water,  dried 
2h  at  95  °C  and  stored  at  100%  RH  and  room  temperature 
(d-TP-09). 

2.2.  Preparation  of  composites 

Commercially  available  membranes,  Nation®  117  (Du¬ 
Pont,  180  pan  thick  membranes,  Nation  1 100,  Aldrich  Chem¬ 


icals)  were  employed.  In  order  to  remove  impurities  and 
arrive  at  comparable  starting  conditions  the  membranes  were 
boiled  in  10%  nitric  acid  for  2h,  then  rinsed  several  times 
with  de-ionized  water  to  remove  excess  acid.  The  mem¬ 
branes  were  stored  under  de-ionized  water  and  dried  for  1  h 
at  80  °C  in  static  air  prior  to  use.  For  the  introduction  of 
8-25  wt.%  zirconyl  phosphate  a  method  described  by  Ti- 
wari  et  al.  [16]  was  used:  pre-treated  Nation®  membranes 
were  soaked  in  0.06  M  zirconyl  oxychlorid-methanol  solu¬ 
tion  (ZrOCl2*8  H2O,  Riedel  de  Haen)  for  a  certain  amount  of 
time  and  washed  off  in  methanol.  Then,  the  samples  were 
immersed  in  8  wt.%  phosphoric  acid  solution  for  1  h  and 
dried  for  1  h  at  80  °C.  This  procedure  was  repeated  several 
times  to  enlarge  the  inorganic  content  of  the  membrane.  To 
complete  hydrolysis  and  ensure  full  protonation  the  mem¬ 
brane  was  boiled  in  1 .5  M  sulfuric  acid  for  1  h  and  rinsed 
several  times  in  de-ionised  water.  According  to  this  proce¬ 
dure  two  membranes  containing  13  and  21  wt.%  zirconium 
phosphate  (N 1 1 7 -ZP- 1 3 ,  N 1 1 7 -ZP-2 1 )  were  prepared,  where 
the  soaking  step  in  the  zirconyl  oxychlorid-methanol  solu¬ 
tion  took  15  min  without  washing  off  in  methanol  and  one 
membrane  containing  26  wt.%  zirconium  phosphate  (N117- 
ZP-26)  where  the  soaking  step  took  4  h  and  the  washing  off 
in  methanol  took  20  s. 

2.3.  X-ray  diffractometry 

X-ray  diffraction  patterns  were  recorded  in  the  reflected 
radiation  mode,  using  a  Philips  X-PERT  system  with  a  Cu  Ka 
radiation  source  operating  at  40  kV  and  40  mA.  The  sample 
powders  were  kept  at  room  temperature  and  50%  RH  for  at 
least  24  h  prior  to  the  measurement  and  spread  on  a  micro¬ 
scope  slide  without  further  preparation.  The  scans  were  car¬ 
ried  out  under  ambient  conditions.  The  crystallite  size  was 
calculated  from  the  full  width  at  half  maximum  of  the  re¬ 
spective  strongest  peak  around  25°  20  according  to  a  method 
described  by  Scherrer  [17]. 

2.4.  He-pycnometry 

The  skeletal  density  of  the  layer  phosphates  was 
determined  by  means  of  He-pycnometry.  Prior  to  the 
measurements  the  samples  were  dried  over  P2O5  at  room 
temperature  for  several  days.  The  10  ml  sample  tube  of  a 
Micromeritics  AccuPyc  1330  He-pycnometer  was  calibrated 
empty  and  with  two  tungsten  carbide  volumetric  standard 
bodies.  Then,  about  1  g  of  sample  was  transferred  to  the 
sample  tube.  Helium  was  used  as  testing  gas. 

2.5.  Impedance  spectroscopy 

Impedance  measurements  were  carried  out  by  means  of  a 
Hewlett  Packard  HP  42 84 A  LCR  meter.  Two  different  meth¬ 
ods  were  used  to  prepare  the  membranes  and  the  inorganic 
pellets,  respectively. 
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2.5.1.  Preparation  of  membrane-electrode  assemblies 

Appropriate  pieces  of  the  membrane  were  dipped  in  a 

slurry  consisting  of  200  mg  carbon  supported  platinum  (E- 
TEK,  DeNora,  20  wt.%  Pt),  1ml  Nation  ionomer  solution 
(DuPont,  5  wt.%  Nation  1100)  and  a  mixture  of  2  ml  water 
and  2  ml  /-propanol.  The  solvents  were  allowed  to  evaporate 
under  ambient  conditions  and  the  membrane  was  hot  pressed 
between  two  Teflon  sheets  for  one  minute  at  135  °C.  Then, 
pieces  of  5  mm  diameter  were  punched  out  of  the  catalyst- 
coated  membrane. 

2.5.2.  Preparation  of  phosphate-electrode  assemblies 

The  sample  pellets  consisted  of  three  layers,  i.e.  one  in¬ 
organic  layer  sandwiched  between  two  composite  electrode 
layers.  A  100  p,l  of  water  and  100  mg  of  the  layer  phos¬ 
phate  were  ground  in  a  small  agate  mortar  and  allowed  to  dry 
for  15  min.  A  20  mg  of  the  ground  powder  was  mixed  with 
10  mg  carbon  supported  platinum  (E-TEK,  DeNora,  20  wt.% 
Pt)  and  a  drop  of  Nation  ionomer  solution  (DuPont,  5  wt.% 
Nation  1 100)  was  added.  The  electrode  powder  mixture  was 
ground  again  and  allowed  to  dry  for  15  min.  Three  to  four  mil¬ 
ligrams  of  the  electrode  composite  were  slightly  compacted 
at  the  bottom  of  a  plunger  in  a  cylindrical  die.  Then,  40  mg  of 
layer  phosphate  were  piled  up  above  the  composite  layer  and 
slightly  compacted.  Finally,  3-4  mg  of  the  electrode  com¬ 
posite  were  piled  up  above  the  layer  phosphate.  According 
to  that  procedure  samples  of  5  mm  diameter  and  about  1  mm 
thickness  were  manufactured  at  a  pressure  of  lOkN  and  a 
pressure  duration  of  30  s.  After  removal  from  the  mould  the 
side  surface  of  the  pellets  was  cleaned  from  carbon  residue 
by  lapping. 

A  conductivity  measurement  cell  similar  to  that  described 
by  Alberti  et  al.  [18]  was  used.  All  samples  were  kept  at 
room  temperature  and  100%  RH  for  at  least  1  week  and  con¬ 
tacted  with  electrically  conductive  gas  diffusion  layers  (SGL 
Carbon  GDL10BB  type)  of  the  same  diameter  on  both  sides 
prior  to  the  measurement.  The  gas-diffusion-layer/sample- 
assembly  was  placed  between  two  polished  gold  plates  of  the 
measurement  cell  and  fixed  by  application  of  a  constant  pres¬ 
sure  of  0.7  MPa  using  a  steel  spring.  Immediately  before  each 
conductivity  measurement  a  short-  and  a  load-compensation 
(0.250  Q  resistor)  was  carried  out.  The  equilibration  time  be¬ 
tween  two  data  points  was  set  to  21/2  h.  Conductivity  was 
measured  between  80  and  130  °C  and  20-100%  RH,  starting 
at  the  highest  humidity  value.  The  membrane  resistance  was 
derived  from  the  data  by  performing  a  nonlinear  least  square 
fit  to  the  circuit  description  code  (RQ)QC  using  the  software 
Equivalent  Circuit  4.55  from  B.  A.  Boukamp. 

2.6.  Dynamic  mechanical  analysis 

The  mechanical  properties  were  studied  on  a  dynamic  me¬ 
chanical  analyzer  DMA  2980,  TA  Instruments.  The  top  part 
of  the  commercial  instrument  and  the  top  sample  holder  were 
replaced  by  an  in-house  built  humidity  cell  which  has  been 
described  in  detail  elsewhere  [19].  The  mechanical  proper¬ 


ties  were  measured  at  a  frequency  of  1  Hz  with  a  static  force 
of  0.25  N  and  15.0  p,m  amplitude  between  room  temperature 
and  100  °C.  All  humidity  scans  were  performed  in  humid¬ 
ified  nitrogen  atmosphere  at  variable  temperature  and  hu¬ 
midity.  Samples  with  typical  dimensions  26  mm  x  6  mm  and 
200  |mm  thickness  (water  saturated  state)  were  fixed  at  the 
bottom  using  a  film  clamp  holder  provided  by  the  instru¬ 
ment  manufacturer  and  at  the  top  using  the  in-house  built 
equipment. 

2. 7.  Cell  performance  testing 

2.7.1.  Membrane -electrode  assembly  ( MEA ) 

Slurries  containing  300  mg  carbon  supported  Pt-Ru  (E- 
TEK,  DeNora,  60  wt.%  Pt-Ru),  2.4  g  Nation  ionomer  solu¬ 
tion  (DuPont,  5  wt.%  Nation  1 100),  6  ml  water  and  5  ml  iso¬ 
propanol  and  150  mg  carbon  supported  Pt  (E-TEK,  DeNora, 
30  wt.%  Pt),  0.6  g  Nation  ionomer  solution  (DuPont,  5  wt.% 
Nation  1 100),  4  ml  water,  3  ml  /-propanol  and  45  mg  PTFE- 
solution  (ElectroChem,  65  wt.%)  were  prepared  for  the  anode 
and  the  cathode,  respectively.  These  slurries  were  sprayed  on 
the  microporous  layer  of  gas  diffusion  layers  (SGL  Carbon 
GDL10BB  type)  using  an  airbrush  spray  nozzle  and  a  com¬ 
puter  controlled  x-y  plotter.  The  catalyst  loading  was  deter¬ 
mined  gravimetrically.  The  anode  loading  was  1.85  mg  cm-2 
Pt-Ru,  the  cathode  loading  was  0.37  mg  cm-2  Pt.  Pieces  of 
28  mm  x  28  mm  were  cut  out  of  the  catalyst  coated  diffusion 
layers  and  Nation  ionomer  solution  was  sprayed  onto  the  elec¬ 
trodes  until  the  dry  weight  of  the  ionomer  coating  amounted 
to  1.2  mg  cm-2.  Then,  the  electrodes  were  hot  pressed  onto 
the  membrane  at  135°C,  10 kN  for  4 min. 

2.7.2.  Fuel  cell  operating  conditions 

An  in-house  built  single  cell  testing  station  was  used  to 
examine  the  performance  of  the  membranes  under  DMFC 
conditions  and  to  determine  the  membrane  resistance  and 
the  methanol  crossover  under  working  conditions.  The  cat¬ 
alyst  coated  membrane  area  was  7.84  cm2.  Meander  shaped 
graphite  flow  fields  were  used  at  both  anode  and  cathode 
side.  Gaskets  made  of  PTFE  foils  were  used  to  seal  the  cell. 
The  cell  was  operated  at  130  °C.  A  1.5  M  aqueous  methanol 
solution  was  supplied  to  the  anode  from  a  BECKMAN  110 
B  solvent  delivery  module  at  a  feed  rate  of  1.5  ml  min-1,  a 
temperature  of  130  °C  and  a  constant  overpressure  of  3.6  bar. 
Air  or  oxygen,  humidified  at  90  °C,  was  supplied  to  the  cath¬ 
ode  at  a  constant  overpressure  of  3.6  bar  and  a  feed  rate  of 
400  ml  min-1  air  or  100  ml  min-1  oxygen,  respectively.  The 
current-voltage  plots  were  recorded  using  an  electronic  load 
(ZAHNER  elektrik,  EL101)  connected  to  an  electrochemical 
workstation  (ZAHNER  elektrik,  IM6e). 

2.7.3.  Membrane  resistance 

The  impedance  of  the  fuel  cell  under  a  constant  current 
density  of  0.25  A  cm-2  was  measured  in  the  frequency  range 
between  0. 1  Hz  and  20  kHz.  The  cell  resistance  was  set  equal 
to  the  high  frequency  intersect  of  the  Nyquist  plot  with  the 
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Table  1 


Phase  composition  and  crystallite  size  of  layer  phosphates  before  and  after  the  conductivity  scans 


Sample 

Phase  composition 

Crystallite  size  (nm) 

Before 

After 

Before 

After 

a-ZP-08 

a-Zr(HP04)2H20 

a-Zr(HP04)2H20 

8 

8 

a-ZP-21 

a-Zr(HP04)2H20 

a-Zr(HP04)2H20 

35 

21 

a-TP-13 

8-Ti4  H 1 1  (P04  )9  •  vH2  O 

a-Ti(HP04)2H20 

23 

13 

a-TP-37 

a-Ti(HP04)2  H20  +  UP 

a-Ti(HP04)2  H20  +  UP 

11 

37 

d-TP-09 

8-Ti4  H 1 1  (P04  )9  •  vH2  O 

Amorphous 

9 

— 

d-TP-20 

8-Ti4Hn(P04)9vH20 

8  -Ti4  H 1 1  (P04 )  9  •  vH2  O  +  amorphous 

20 

— 

UP:  unknown  phase. 


real  part  axis.  Ohmic  drop  by  the  metallic  and  graphite  com¬ 
ponents  of  the  cell  and  their  contacts  was  measured  without 
membrane.  It  was  found  to  be  less  than  5%  of  the  lowest 
resistance  measured  using  the  single  cell  with  a  MEA  and 
therefore  was  neglected. 

2.7.4.  Methanol  crossover 

The  CO2  concentration  of  the  cathode  exhaust  gas  was 
measured  as  a  function  of  current  density  using  a  CO2  infrared 
detector  (Vaisala,  GMT221).  An  ice  bath  cooled  water  trap 
between  fuel  cell  and  transmitter  was  used  to  dry  the  exhaust 
gas  stream.  The  methanol  crossover  was  calculated  assuming 
complete  oxidation  of  the  permeated  methanol  to  CO2  at  the 
cathode.  CO2  crossover  was  neglected  since  it  was  found  that 
at  the  diffusion  limiting  current  where  all  methanol  arriving 
at  the  anode  is  oxidised  the  CO2  signal  of  the  transmitter 
dropped  to  zero. 

3.  Results  and  discussion 

3. 1.  Characterization  of  layer  phosphates 

The  phase  composition  and  crystallite  size  of  the  layer 
phosphates  was  determined  by  X-ray  diffractometry.  In  or¬ 
der  to  detect  structural  changes  under  conditions  similar  to 
that  in  a  working  fuel  cell  the  samples  were  examined  before 
and  after  the  conductivity  measurements.  The  hydrothermal 
treatment  during  the  measurements  in  the  conductivity  cell 
corresponded  to  25  h  at  100  °C,  2.2  bar  and  humidity  between 
20  and  100%  RH.  The  results  are  listed  in  Table  1.  Whereas 
the  titanium  layer  phosphate  a-TP-13  has  undergone  a  com¬ 
plete  phase  transition,  as  shown  in  Fig.  1,  the  treatment  of 
a-TP- 1 3  in  boiling  water  and  sulfuric  acid  induced  stabiliza¬ 
tion  of  the  8-phase  and  so  d-TP-20  remained  unaltered  as 
8-phase.  In  contrast  to  these  phases,  d-TP-09  has  lost  crys¬ 
tallinity  and  the  sample  became  amorphous. 

The  crystallite  size  as  determined  by  the  Scherrer  method 
ranged  between  8  and  37  nm.  Concerning  the  changes  in  the 
volume  fraction  of  the  crystalline  phase,  no  obvious  trend 
is  visible  upon  hydrothermal  treatment.  In  most  cases  the 
cristallinity  decreased  or  remained  constant,  with  exception 
of  the  a-Ti(HP04)2*H20-phase  (a-TP-37),  which  showed  a 
significantly  increased  crystallinity. 


The  observed  behaviour  can  only  reflect  the  thermal  sta¬ 
bility  of  the  layer  phosphates  in  humid  atmosphere.  In  the 
environment  of  the  membrane  matrix  in  an  operating  fuel 
cell  the  phosphates  are  additionally  exposed  to  sterical  hin¬ 
drance,  acidic  moieties  of  the  ionomer  and  electric  field. 

The  majority  of  layer  phosphates:  a-TP-13,  a-TP-37,  a- 
ZP-08,  d-TP-09,  d-TP-20,  show  additional  reflections  be¬ 
tween  5°  and  10°  20  in  the  diffraction  pattern,  which  could 
not  be  attributed  to  known  phases  (Fig.  1).  Most  probably 
these  reflections  belong  to  expanded  layers  of  the  respective 
layer  phosphates,  since  it  is  known  that  the  interlayer  peak  is 
shifted  to  lower  20  (°)  values  with  increasing  water  or  solvent 
content,  because  the  interlayer  distance  increases  [20,21].  In 
case  of  the  titanium  phosphates  prepared  by  the  precipita¬ 
tion  reaction  between  titanium  butylate  and  phosphoric  acid 
(a-TP-13,  d-TP-09,  d-TP-20)  the  additional  peak  appeared 
between  5.25°  and  5.75°  20  before  and  after  the  hydrother¬ 
mal  treatment.  Although  all  the  precipitated  samples  were 
washed  several  times  and  boiled  in  water  and  sulfuric  acid, 
formation  of  butanol-layer  phosphate  intercalates  might  be 
an  explanation  for  this  peak.  The  interlayer  peak  for  the  cor¬ 
responding  a-Zr(HP04)2  butanol  is  found  at  4.7°  20  [21].  In 
case  of  the  other  compounds,  the  additional  peak  appeared 
between  8.6°  and  10°  20  and  was  assigned  to  partly  hydrated 
species  of  the  respective  phase. 

The  impedance  measurement  of  the  inorganic  samples 
must  be  regarded  with  caution  since  the  impedance  be¬ 
haviour  depends  on  many  factors.  Not  only  chemical  compo¬ 
sition,  crystallite  structure  and  size,  temperature  and  humidity 


Fig.  1.  Diffraction  pattern  of  titanium  layer  phosphate  a-TP-13  before  and 
after  the  conductivity  measurement  at  100  °C. 
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Fig.  2.  Proton  conductivity  of  titanium  and  zirconium  layer  phosphates  of 
varying  morphology  and  crystallinity  as  a  function  of  humidity. 
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Fig.  3.  Er  and  tan  8  of  Nahon  117-H  (N117)  and  a  Nahon  zirconium  phos¬ 
phate  composite  (N117-ZP-21)  vs.  temperature  at  85%  RH. 


influence  the  impedance  behaviour  but  also  morphological 
parameters  like  porosity,  surface  area  and  agglomerate  struc¬ 
ture.  Therefore,  the  porosity  of  the  pellets  has  been  calcu¬ 
lated  by  taking  the  ratio  of  the  geometric  density  and  the 
skeletal  density.  The  geometric  and  skeletal  densities  of  all 
samples  ranged  between  1 .7-2.0  and  2. 0-2.4  g  cm-3 ,  respec¬ 
tively.  The  porosity  ranged  between  13  and  19%  for  all  sam¬ 
ples  except  a-ZP-2 1,  where  29%  were  calculated.  The  pro¬ 
ton  conductivity  of  the  layer  phosphates  was  measured  at 
100  °C  between  20  and  100%  RH.  The  data  are  presented 
in  Fig.  2.  The  graphs  can  be  divided  into  two  groups,  one 
having  similar  conductivity  at  high  humidity  but  different 
slopes  and  one  having  a  significantly  lower  conductivity. 
The  a-Zr(HP04)2*H20,  a-ZP-08  shows  the  highest  conduc¬ 
tivity  at  all  humidity  values,  with  the  maximum  value  of 
0.013  £2_1  cm-1  at  94%  RH. 

A  phase  with  the  same  composition  but  a  higher  crystallite 
size  (a-ZP-2 1)  shows  a  conductivity  decreased  by  more  than 
a  factor  of  10.  According  to  Alberti  et  al.  the  proton  transport 
in  a-Zr(HP04)2-H20  takes  place  mostly  at  the  surface  of 
the  crystallites,  and  bulk  transport  plays  only  a  minor  role 
[22] .  Therefore  for  small  crystallite  sizes  corresponding  to  a 
high  surface  area  an  increased  proton  conductivity  should  be 
observed.  On  the  other  hand  the  significantly  higher  porosity 
of  the  pellet  could  cause  a  reduction  of  proton  conductive 
paths  and  explain  the  decrease. 

The  conductivity  of  titanium  phosphates  depends  much 
more  upon  humidity,  lower  conductivity  as  compared  to  the 
zirconium  phosphate  is  found  at  the  highest  humidity  and  a 
significant  decrease  of  conductivity  occurs  at  low  humidity. 
In  case  of  the  a-TP-20  sample,  the  strong  reduction  of  con¬ 
ductivity  could  be  attributed  to  a  depletion  of  acidic  surface 
groups  after  the  treatment  in  boiling  water. 

3.2.  Charactersation  of  composite  membranes 

The  zirconium  layer  phosphate  had  the  highest  proton  con¬ 
ductivity  among  the  different  inorganic  phases  and  therefore 
was  used  to  prepare  composite  membranes  with  Nation  1 1 7  as 
matrix.  Two  different  groups  of  membranes  were  prepared: 


membranes  with  the  zirconium  phosphate  mainly  residing 
at  the  membrane  surface  (N117-ZP-13,  N117-ZP-21)  and  a 
membrane  with  the  inorganic  phase  only  present  in  the  in¬ 
ner  part  of  the  composite  membrane  (Nl  17-ZP-26).  Zirco¬ 
nium  phosphate  deposited  under  these  conditions  forms  the 
a-phase,  as  has  been  verified  by  the  composites  diffraction 
pattern  [8]. 

The  dynamic  mechanical  properties  of  unmodified  Nation 
117  (Nl  17)  and  a  Nation  1 17-membrane  containing  21  wt.% 
zirconium  phosphate  (N117-ZP-21)  were  compared  under 
constant  humidity  as  well  as  isothermal  conditions,  as  shown 
in  Figs.  3  and  4.  At  85%  RH  E'  of  the  modified  membrane 
is  two  to  three  times  higher  over  the  examined  temperature 
range  as  compared  to  the  unmodified  membrane.  The  onset  of 
the  glass  transition  of  the  ionic  regions  of  Nation  117  above 
100  °C  is  indicated  by  the  increasing  slope  of  tan  8  at  higher 
temperatures.  The  isothermal  plot  exhibits  increased  Er  and 
decreased  tan  8  in  case  of  the  composite  membrane.  The  stiff¬ 
ening  effect  of  the  layer  phosphate  increases  with  decreasing 
humidity. 

The  mechanical  behaviour  at  variable  methanol  vapor 
pressures  was  measured  at  65  °C,  as  shown  in  Fig.  5.  A  sim¬ 
ilar  behaviour  was  observed  as  compared  to  the  water  hu¬ 
midity  isotherm.  Methanol  is  a  more  effective  softener  than 
water  with  respect  to  Nation.  Lower  values  of  Er  and  higher 


Fig.  4.  E!  and  tan  8  of  Nation  1 17-H  (Nl  17)  and  a  Nation  zirconium  phos¬ 
phate  composite  (N117-ZP-21)  vs.  humidity  at  75  °C. 
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Fig.  5.  E'  and  tan  8  of  Nation  117-H  (N117)  and  a  Nation  zirconium  phos¬ 
phate  composite  (N1 17-ZP-21)  vs.  methanol  vapor  pressure  at  65  °C. 
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Fig.  6.  Proton  conductivity  of  Nation  1 17-H  (N1 17)  and  a  Nation  zirconium 
phosphate  composite  (N117-ZP-21)  vs.  humidity  at  80,  100  and  130  °C. 


Fig.  7.  Performance  plot  and  methanol  crossover  current  of  Nation  117-H 
(N117)  and  Nation  zirconium  phosphate  composites  (N117-ZP-13,  N117- 
ZP-26).  DMFC  operating  conditions,  anode:  Pt-Ru  1.85  mg  cm-2  4.6 
bar  1 .5  mol  dm-3  methanol,  cathode:  Pt  0.37  mg  cm2  4.6  bar  400  ml  min- 1 
air,  cell:  130  °C. 

intermediate  between  the  data  for  the  pure  zirconium  layer 
phosphate  and  the  data  measured  for  Nation  117,  as  shown 
in  Fig.  2. 

Cell  performance  tests  were  carried  out  for  unmodified 
Nafion  117  (N117)and  two  composites  (N117-ZP-13,N117- 
ZP-26).  The  methanol  crossover  current  was  measured  under 
the  same  conditions  as  the  current-voltage  curve  and  is  plot¬ 
ted  against  the  second  y-axis,  as  shown  in  Fig.  7.  The  mem¬ 
brane  electrical  resistance  was  measured  in  situ  by  means 
of  impedance  spectroscopy  and  is  compared  to  the  proton 
conductivity  data  shown  in  Fig.  6.  The  results  are  listed  in 
Table  2.  The  power  output  of  Nafion  117  was  higher  than 
that  of  the  composites  under  the  same  conditions. 


tan  8  as  compared  to  the  hydrated  membranes  were  measured. 
The  stiffening  effect  of  zirconium  phosphate  in  methanol- 
atmosphere  is  stronger  than  in  water-humidified  atmosphere. 

The  proton  conductivity  of  unmodified  (N117)  and  com¬ 
posite  Nafion  117  (N1 17-ZP-21)  was  measured  isothermally 
at  three  different  temperatures,  80,  100  and  130  °C,  respec¬ 
tively,  as  shown  in  Fig.  6.  The  presence  of  the  inorganic  com¬ 
pound  decreased  the  proton  conductivity  in  all  cases.  At  high 
humidity  the  conductivity  first  increased  from  80  to  100  °C 
and  decreased  at  130  °C.  This  behaviour  has  already  been 
described  by  Alberti  et  al.  for  Nafion  117  [18].  The  conduc¬ 
tivity  decrease  is  more  pronounced  in  case  of  the  unmodi¬ 
fied  Nafion  and  therefore  at  temperatures  above  130  °C  the 
measured  values  for  the  inorganically  modified  and  the  un¬ 
modified  membrane  approach  the  same  value.  At  humidity 
above  50%  RH  the  proton  conductivity  of  the  composite  is 


3.3.  DMFC-performance  of  graded  membranes 

The  performance  plot  of  the  DMFC-testing  is  presented  in 
Fig.  7.  Only  slight  differences  between  the  two  different  phos¬ 
phate  concentration  gradients  of  N1 17-ZP- 1 3  and  N 1 17-ZP- 
26  were  observed.  At  highest  current  densities  the  membrane 
with  the  inner  phosphate  layer  had  a  slightly  improved  per¬ 
formance  as  compared  to  the  membrane  with  the  layer  phos¬ 
phate  close  to  the  surface.  The  crossover  current  was  reduced 
by  a  factor  of  two  as  compared  to  the  unmodified  Nafion. 
The  rest  potentials  of  the  different  membranes  are  listed  in 
Table  2.  Both  composite  membranes  exhibited  a  higher  rest 
potential  than  unmodified  Nafion,  which  also  indicates  lower 
methanol  permeability.  The  conductivity-measured  ex  situ 
was  significantly  lower  than  the  in  situ  measured  values,  al¬ 
though  indicating  the  same  trend  with  respect  to  humidity  and 


Table  2 


Comparison  between  ex  situ  and  in  situ  measured  proton  conductivity  at  130  °C  and  DMFC  rest  potential  of  Nafion  117  and  composite  Nafion  membranes 


Sample 

Zirconium  phosphate 
fraction/wt.% 

tfex  situ  1  cm  1 ,  92  %  RH) 

03n  situ  1  cm  1 ,  liquid  H20) 

U0IV 

N117 

0 

0.032 

0.150 

0.725 

N117-ZP-13 

13 

— 

0.088 

0.768 

N117-ZP-21 

21 

0.025 

— 

— 

N117-ZP-26 

26 

— 

0.084 

0.760 
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temperature.  The  differences  can  be  explained  by  the  differ¬ 
ent  water  activity  in  the  conductivity  measurement  chamber 
(92%  RH  at  2.2  bar)  and  the  fuel  cell  (liquid  water  at  4.6  bar). 
The  proton  conductivity  of  Nation  rises  sharply  when  the 
membrane  is  transferred  from  water  vapor  into  liquid  water 
[23]. 


4.  Conclusions 

Different  layer  phosphates  of  zirconium  and  titanium  were 
characterized  by  their  X-ray  diffraction  pattern  and  their 
conductivity.  The  a-Zr(F[P04)2  H2O  with  the  lowest  crys¬ 
tallinity  exhibited  the  highest  conductivity.  The  8-phase  of 
the  titanium  phosphate  is  unstable  under  hydrothermal  con¬ 
ditions  and  converts  to  the  a-phase. 

The  mechanical  properties  of  the  zirconium  phosphate 
composite  proof  that  the  inorganic  filler  acts  as  a  stiff¬ 
ener.  In  the  examined  range  of  temperature  and  humid¬ 
ity  the  stiffening  effect  depends  weakly  on  the  tempera¬ 
ture  and  strongly  on  humidity.  This  applies  to  humid  at¬ 
mosphere  as  well  as  to  methanol  vapor  atmosphere.  The 
proton  conductivity  is  reduced  by  the  inorganic  filler.  At 
temperatures  above  130  °C  the  difference  in  conductivity 
levels  out  for  modified  as  compared  to  unmodified  mem¬ 
branes.  The  electrical  performance  of  the  composites  in  a 
DMFC-environment  is  slightly  decreased  as  compared  to  the 
unmodified  membrane  but  taking  methanol  crossover  into 
account,  higher  efficiencies  can  be  reached  with  the  zirco¬ 
nium  phosphate  modified  Nation  117-membrane  as  com¬ 
pared  to  the  organic  membrane.  Furthermore,  mechanical 
properties  of  the  membrane  are  improved  by  the  inorganic 
fillers. 
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